Word count: 6994 (6378 + 616 figure legends) 16 SUMMARY STATEMENT 17 The wheat MADS-box proteins VRN1, FUL2 and FUL3 play critical and overlapping roles in 18 the development of spikelets, which are the basic unit of all grass inflorescences.
INTRODUCTION
The grass family (Poaceae) has approximately 10,000 species, including important food crops 37 such as rice, maize, sorghum, barley, and wheat (Kellogg, 2001) . The flowers of these species 38 are organized in a unique and diagnostic structure called spikelet (literally "little spike"), which < 0.0001, Table S3 ). In the presence of a functional VRN2 allele, the differences in heading time 154 between FUL2-wt and Ubi::FUL2 alleles were small in lines homozygous for the functional 155 VRN1 allele (2.6 d, Fig. S4A ), intermediate in VRN1 heterozygous lines (11.1 d, Fig. S4C ) and 156 large in homozygous vrn1-null mutants (53 d, Fig. S4D ). These results indicate that the effect of 157 the Ubi::FUL2 transgene on heading time depends on the particular VRN1 and VRN2 alleles 158 present in the genetic background ( Fig. S4C-D) . 159 In summary, the strong effect of VRN1 in the acceleration of wheat flowering time can mask the 160 smaller effects of FUL2 and FUL3, but in the absence of VRN1, both FUL2 and FUL3 have 161 redundant effects on accelerating wheat flowering time.
162
Flowering delays in VRN1, FUL2 and FUL3 mutants are associated with reduced FT1 163 transcript levels in leaves 164 Since there is a known positive feedback regulatory loop between VRN1 and FT1 (Shaw et al., 165 2019), we compared the FT1 transcript levels in the leaves of the different VRN1¸ FUL2 and 166 FUL3 mutant combinations. FT1 transcript levels higher than ACTIN were observed in leaves of 167 4-week old plants carrying the VRN1 wild type allele, but were detected only after 10 weeks in 168 plants carrying the vrn1-null allele ( Fig. S5A-B ). This result is consistent with the large 169 differences in heading time between these genotypes ( Fig. 1D ). FT1 transcript levels in the 10- 170 week old vrn1-null plants was highest in the presence of the FUL2 and FUL3 wild type alleles 171 and lowest in the triple mutant ( Fig. S5C) , consistent with the higher number of leaves in this 172 genotype ( Fig. 1B) . Even in the vrn1ful2ful3-null plants, FT1 transcript levels increased above 173 ACTIN in 14-week old plants ( Fig. S5D ). Taken together, these results indicate that FT1 174 expression in the leaves are positively regulated by VRN1, FUL2 and FUL3, but that they can 175 also be up-regulated in the absence of these three genes. 177 Plants with individual vrn1-null, ful2-null and ful3-null mutations produced normal spikelets and 178 flowers, but vrn1ful2-null or vrn1ful2ful3-null mutants had spike-like structures in which all 179 lateral spikelets were replaced by leafy shoots ( Fig. 2A-J) , henceforth referred to as 180 "inflorescence tillers". Removal of these inflorescence tillers revealed a thicker and shorter 181 8 rachis with fewer internodes of variable length, but still retaining the characteristic alternating 182 internode angles typical of a wild type rachis (Fig. 2B) . 183 In vrn1ful2-null, approximately 70% of the central inflorescence tillers had leafy glumes, 184 lemmas and paleas and abnormal floral organs, whereas the rest were fully vegetative. Floral 185 abnormalities included leafy lodicules, reduced number of anthers, anthers fused to ovaries, and 186 multiple ovaries ( Fig. 2E-G) . After the first modified floret, meristems from these inflorescence 187 tillers developed two to five true leaves before transitioning again to an IM generating lateral 188 VMs ( Fig. 2E ). The combined presence of floral organs and leaves suggests that the originating 189 meristem had an intermediate identity between VM and SM. In the vrn1ful2-null double mutant 190 the inflorescence tillers were subtended by bracts ( Fig. 2C-D) .
176

VRN1, FUL2, and FUL3 play critical and redundant roles in spikelet development
191
In vrn1ful2ful3-null, the lateral meristems generated inflorescence tillers that had no floral 192 organs, and that were subtended by leaves in the basal positions and bracts in more distal Next, we compared the transcriptional levels of the SVP-like wheat genes in vrn1ful2-null and 229 vrn1-null mutants. Plants were grown for 53 days in a growth chamber until the developing 230 spikes of vrn1-null reached the terminal spikelet stage and those from vrn1ful2-null had a similar 231 number of lateral meristems. The transcript levels of BM1, BM10 and VRT2 in the developing 232 spikes were roughly ten-fold higher in the vrn1ful2-null mutant than in the vrn1-null and control 
241
In the ful2-null background, one functional copy of VRN1 in the heterozygous state was 242 sufficient to generate a determinate spike ( Fig. S6D , ful2-null/vrn-A1-null vrn-B1), and the same 243 was true for a single functional copy of FUL2 in a vrn1-null background (Fig. S6K , vrn1-244 null/ful2-A Ful2-B). 245 The individual vrn1-null and ful2-null homozygous mutants showed a larger number of spikelets 246 per spike than the control. This increase was 58% in the vrn1-null mutant (P < 0.0001, Fig. 4C ) 247 and 10% in the ful2-null mutant (P = 0.0014, Fig 4D) . Although no significant increases in the 248 number of spikelets per spike were detected in the ful3-null mutant (P = 0.4096, Fig. 4E ), two 249 independent transgenic lines overexpressing FUL3 (Ubi::FUL3) showed an average reduction of segregating for VRN2 and FUL2, we did not detect significant effects for Ubi::FUL2 and the 260 interaction was not significant ( Fig. S8D ). However, we observed 3.3 more spikelets per spike in 261 Vrn2-wt than in vrn2-null plants (P < 0.0001, Fig. S8D ). These results suggest that the strong 
274
Comparison of vrn1ful2-null and vrn1-null plants grown for 53 days in the same growth chamber 275 showed that the transcript levels of CEN2, CEN4 and CEN5 were significantly higher (P < 276 0.0001) in the developing spikes of the vrn1ful2-null mutant than in those of the vrn1-null 277 mutant or the Kronos control (all in vrn2-null background). These differences were larger for 278 CEN2 and CEN4 than for CEN5 ( Fig. S9D-F ). Taken together, these results suggested that VRN1 279 and FUL2 work as transcriptional repressors of the TFL1/CEN-like wheat homologs.
280
The ful2-null mutant produces a higher number of florets per spikelet and more grains per 281 spike in the field 282 In addition to the higher number of spikelets per spike, the ful2-null mutant produced a higher 283 number of florets per spikelet than the Kronos control, an effect that was not observed for vrn1-284 null ( Fig. 2A ) or ful3-null (Fig. S10A ). The average increase in floret number was similar in between ful2-null and the wild type control were larger (and more variable) in the Ubi::miR172 297 than in the non-transgenic background (Fig. S10C ). This synergistic interaction suggests that 298 miRNA172 and FUL2 may control floret number through a common pathway. Both the mutant 299 and transgenic lines showed heterogeneity among spikes in the location of spikelets with 300 increased numbers of florets ( Fig. S10D-F) . 301 Based on its positive effect on the number of florets per spikelet and spikelets per spike (and its 302 small effect on heading time), we selected the ful2-null mutant for evaluation in a replicated field 303 experiment. Relative to the control, the ful2-null mutant produced 20% more spikelets per spike 304 (P = 0.0002) and 9% more grains per spikelet (P= 0.05), which resulted in a 31% increase in the 305 number of grains per spike (P = 0.0002, Fig. 4F ). Although part of the positive effect on grain 306 yield was offset by a 19% reduction in average kernel weight (P = 0.0012), we observed a slight 307 net increase of 6% in total grain weight per spike (P = 0.09, Fig. 4F ). This negative correlation 308 between grain number and grain weight suggests that in this particular genotype by environment 309 combination grain yield was more limited by the "source" (produced and transported starch) than 310 by the "sink" (number and size of grains). 
323
Although the molecular mechanisms by which these genes affect stem elongation are currently 324 unknown, an indirect way by which they may contribute to this trait is through their strong effect 325 on the regulation of FT1 (Fig. S5) , which is associated with the upregulation of GA biosynthetic spring growth habit masked the smaller effects of FUL2 and FUL3 (Fig. 1A-C) , in the vrn1-null 341 background, the ful2-null and ful3-null mutants showed delayed flowering initiation and 342 increased number of leaves (Fig. 1B, F) , indicating that FUL2 and FUL3 have retained some 343 residual functionality in the acceleration of wheat flowering time. This was further confirmed by 344 the accelerated flowering of the Ubi::FUL2 and Ubi::FUL3 transgenic plants ( Fig. S4A-B) . 345 Similar results have been reported in Brachypodium distachyon and rice. In Brachypodium, interactions exist between FUL2 and VRN2 (Fig. S4C-D) . A tetraploid wheat population 354 segregating for VRN1, FUL2 and VRN2 revealed highly significant two-way and three-way suggests that FUL2 repression of VRN2 can also contribute to its ability to accelerate heading 361 time.
362
Interestingly, mutations in VRN1, FUL2 and FUL3 were associated with delayed induction of 363 FT1 even in the absence of functional VRN2 alleles (Fig. S5) . Lines carrying the wild type VRN1 364 allele showed high levels of FT1 in the leaves six weeks earlier than lines carrying the vrn1-null 365 allele and flowered 37 days earlier. Among the lines carrying the vrn1-null allele, those with 366 mutation in both FUL2 and FUL3, showed the latest induction of FT1 (Fig. S5C-D) and had 3.3 367 more leaves (excluding leaves in the spike-like structure, Fig. 1B ). However, in 14-week-old 368 vrn1ful2ful3-null plants FT1 transcripts still reached higher levels than ACTIN. These results 369 indicate that VRN1, FUL2 and FUL3 are positive transcriptional regulators of FT1 but they are 370 not essential for its expression in the leaves.
371
FT1 has also been shown to be a positive regulator of VRN1 expression in both leaves and SAM. The significant effects of VRN1, FUL2, and FUL3 on the timing of the transitions from the 389 vegetative SAM to IM and from IM to terminal spikelet indicate that these genes play important 390 roles in the acquisition and termination of IM identity. During the early stages of spike 391 development both vrn1ful2-null and vrn1ful2ful3-null mutants showed an elongated double-ridge 392 structure with lateral meristems organized in a distichous phyllotaxis that were similar to the 393 Kronos control (Fig. 3A-C) , and both mutants had a rachis similar to a normal spike rachis (Fig.   394   2B) . These results suggest that these IM functions were not disrupted by the combined mutation 395 in VRN1, FUL2, and FUL3. 396 After the double-ridge stage, the development of the lateral meristems diverged drastically in 397 vrn1ful2-null and vrn1ful2ful3-null mutants relative to the vrn1-null control. In vrn1-null, the 398 upper ridges transitioned into SMs that generated normal spikelets, whereas in vrn1ful2ful3-null 399 they transitioned into lateral VMs that generated inflorescence tillers (which we interpret as the 400 default identity of an axillary meristem). The vrn1ful2-null mutant generated an intermediate and FUL3, which were confirmed using genome specific primers described in Table S1 . Single 538 genome mutants were backcrossed two to three times to Kronos vrn2-null to reduce background splicing form, the retention and translation of the fifth intron generated a premature stop codon 549 that disrupted the K-box and removed the entire C-terminus (Fig. S2A) . For FUL-B2, we 550 selected line T4-2911 that carries a C to T change at nucleotide 484 (henceforth ful-B2). The ful-551 B2 mutation generates a premature stop codon at position 162 (Q162*) that removed the last 13 552 amino acids of the K-box and the entire C-terminus ( Fig. S2A ).
553
For FUL-A3, we selected line T4-2375 that carries a G to A mutation in the splice acceptor site 554 of the third intron. Sequencing of ful-A3 transcripts revealed that this mutation generated a new 555 splice acceptor site that shifted the reading frame by one nucleotide. The alternative translation 556 generated a premature stop codon that truncated 72% of the K-box and the entire C-terminus 557 (Fig. S2B ). For FUL-B3, we selected line T4-2139 that carries a C to T mutation at nucleotide 558 position 394 that generates a premature stop codon at amino acid position 132 (Q132*). This 559 premature stop removed half of the K-box and the complete C-terminus (Fig. S2B) . Given the 560 critical roles of the K-domain in protein-protein interactions, and the C-terminal domain in 561 transcriptional activation, these selected mutations are expected to impair the normal function of 562 the FUL2 and FUL3 proteins.
563
The A and B-genome mutants for each gene were intercrossed to generate double mutants, which 564 for simplicity, are referred to hereafter as null mutants. The ful2-null and ful3-null were 565 intercrossed with a vrn1vrn2-null mutant (vrn-A1-null T4-2268 / vrn-B1 T4-2619 / vrn2-null) 566 21 (Chen and Dubcovsky, 2012) to generate vrn1ful2-null and vrn1ful3-null, which were finally 567 intercrossed to generate vrn1ful2ful3-null (all in a vrn2-null background). The vrn1ful2-null and 568 vrn1ful2ful3-null mutants were sterile, so they were maintained and crossed by keeping the ful-569 B2 mutation in heterozygous state. The single mutants are available as part of the public To study the effect of Ubi::FUL2 in different genetic backgrounds we crossed the Kronos Table S1 . Primers used for genotyping the ful2, ful3, vrn1 and vrn2-null mutants. 815   Table S2 . Primers used in the real time Q-PCR experiments. 816   Table S3 . Three-way ANOVA for heading time. 
